Background: The eukaryotic replisome is a critical determinant of genome integrity with a complex structure that remains poorly characterized. A central unresolved issue is how the Cdc45-MCM-GINS helicase is linked to DNA polymerase epsilon, which synthesizes the leading strand at replication forks and is an important focus of regulation.
Introduction
The essential DNA helicase and polymerases at replication forks are linked by other factors to form the replisome [1] , assembly of which preserves genome integrity by increasing the rate of fork progression and minimizing the exposure of single-strand DNA. In the E. coli replisome that provides a paradigm for all other species, the DnaB helicase is connected to three identical DNA polymerases by the t-complex [2] , which also catalyzes the loading around DNA of the b clamp that binds to DNA polymerase and allows highly processive DNA synthesis. Two of the three DNA polymerase complexes in the replisome are active at any one time, mediating synthesis of the leading and lagging strands, whereas the third serves as a backup that is important to avoid gaps on the lagging strand and maintain the high rate of fork progression [3] .
The eukaryotic replication machinery is understood much less well than its bacterial counterpart and is vastly more complicated, with an 11-subunit DNA helicase of largely unknown mechanism [4, 5] , three different polymerases with specialized roles in synthesizing the leading and lagging strands [6] [7] [8] , and many other factors that have no counterpart in bacteria [4, 9] . This greater complexity reflects the fact that the eukaryotic replisome must traverse and synthesize chromatin as well as contributing to other important processes, such as checkpoint signaling and the establishment of cohesion between sister chromatids.
The eukaryotic replisome only exists at replication forks and is assembled at replication origins during the initiation of chromosome replication. The key to this process is the assembly of the Cdc45-MCM-GINS helicase, by recruitment of Cdc45 and the four-protein GINS complex to the catalytic core of the helicase that is formed by the Mcm2-7 proteins, which are loaded around double-strand DNA at replication origins during the G1 phase of the cell cycle as an inactive double-hexameric ring. Many factors then associate with the Cdc45-MCM-GINS helicase at nascent forks, including the other components of the ''replisome progression complex'' [4] , as well as DNA polymerase epsilon, which synthesizes the leading strand, and the DNA polymerase alpha-primase complex that starts each new Okazaki fragment on the lagging strand (before their subsequent completion by DNA polymerase delta).
The link between helicase and leading-strand DNA polymerase is of fundamental importance for understanding the structure, function, and regulation of the eukaryotic replisome [10, 11] but is still poorly characterized. Work with budding and fission yeasts showed that DNA polymerase epsilon is recruited to origins together with the GINS complex during the initiation of chromosome replication [10, 12] , but until now it has remained unclear how Pol ε is connected subsequently to the Cdc45-MCM-GINS helicase within the replisome. By analogy with the E. coli replisome, the eukaryotic clamp loader might play this role, or alternatively Pol ε might be linked directly to some component of the Cdc45-MCM-GINS helicase, such as GINS. A further possibility would be that some other component of the replisome progression complex links Pol ε to the helicase, analogous to the role of Ctf4 (Ctf, chromosome transmission frequency) in linking Cdc45-MCM-GINS to DNA polymerase alpha at forks [13] [14] [15] [16] [17] [18] [19] . Indeed, previous work suggested that the budding yeast Mrc1 protein (mediator of the replication checkpoint) might fulfill such a role [20] . Here, we show that DNA polymerase epsilon associates directly with the Cdc45-MCM-GINS helicase in budding yeast, by interaction of conserved domains within the Dpb2 subunit of Pol ε and the Psf1 subunit of GINS. The interaction between Dpb2 and GINS is essential for assembly of the Cdc45-MCM-GINS helicase during the initiation of chromosome replication and also serves subsequently to integrate Pol ε into the replisome at DNA replication forks.
Results

DNA Polymerase Epsilon Still Associates with the Replisome in the Absence of Mrc1
The budding yeast Mrc1 protein is the ortholog of Claspin in higher eukaryotes and is a replisome component that is required for checkpoint activation upon DNA replication stress [21] . Interestingly, replication forks progress more slowly in the absence of Mrc1 [22] [23] [24] , suggesting a defect in the coupling of polymerases to helicase [25] . Consistent with this view, subsequent studies found that Mrc1 associated with the Pol2 protein that is the catalytic subunit of DNA polymerase epsilon [20] , as well as with the Mcm6 subunit of the Cdc45-MCM-GINS helicase [26] .
To test directly whether Mrc1 is required for the incorporation of Pol ε into the budding yeast replisome, we isolated replisome material from extracts of S phase cultures of control or mrc1D yeast cells, by digestion of chromosomal DNA followed by immunoprecipitation of the Mcm4 helicase subunit [27] . The Cdc45-MCM-GINS complex is very stable when released from DNA replication forks [4, 5] and associates in a dynamic fashion with other replisome components, including DNA polymerases alpha and epsilon [14, 27] . Correspondingly, we found that Mcm4 copurified from extracts of S phase control cells, not just with the other Mcm2-7 proteins, Cdc45 and GINS (comprising Sld5 and its partners Psf1, Psf2, and Psf3) but also with the Pol1 catalytic subunit of DNA polymerase alpha and the Pol2 catalytic subunit of DNA polymerase epsilon ( Figure 1A , Control). Strikingly, all of the tested replisome components, including Pol2 and Pol1, still copurified with Mcm2-7 from extracts of mrc1D cells (Figure 1A, mrc1D) , and in fact a greater amount of replisome material was isolated under such conditions, consistent with the slower progression of replication forks in the absence of Mrc1, which is likely to lead to the accumulation of more forks in a mid-S phase population of cells.
To confirm that the above data truly reflected the in vivo situation, we repeated the experiment and treated cells with formaldehyde at each time point, in order to crosslink proteins to each other. We also used harsh extract conditions that were sufficient to disrupt in vitro any replisome material that had not been covalently coupled by the in vivo crosslinking treatment [27] . Once again, both Pol2 and Pol1 copurified with Mcm2-7 specifically during S phase ( Figure 1B ), indicating that Mrc1 is dispensable for the incorporation of the leadingstrand DNA polymerase into the replisome.
In Contrast to the E.coli Replisome, the Eukaryotic Clamp Loader Is Not Required to Link Helicase to the LeadingStrand DNA Polymerase In E.coli, replisome assembly results from the association at DNA replication forks of the clamp loader with DNA helicase and three identical DNA polymerase complexes, which together synthesize the leading and lagging strands [2, 30] . The clamp loader associates stably with DNA polymerase even in solution, but its interaction with DNA helicase is more labile, and an intact replisome complex cannot be isolated away from DNA replication forks. [28] , reflecting its transient association with the inactive Mcm2-7 complex at early replication origins [29] . (C) An analogous experiment to that in (A) was performed with RFC4-6HA (YSS228) and DPB2-6HA (YSS221). See also Figure S1 .
In eukaryotic cells, replication factor C (RFC) represents a series of clamp loader complexes that share an essential core of four small subunits but that each have a unique largest subunit [31, 32] . To test whether the eukaryotic clamp loader also links helicase to polymerases, as in the bacterial replisome, we purified equivalent amounts of replisome material from two strains that had identical 6HA tags either on the Rfc4 core subunit of the clamp loader or on the Dpb2 second-largest subunit of DNA polymerase epsilon (Dpb, DNA polymerase B). As shown in Figure 1C , both Rfc4-6HA and Dpb2-6HA were observed in cell extracts, but only Dpb2-6HA was detected in the isolated replisome material, indicating that other factors must link Pol ε to the Cdc45-MCM-GINS helicase within the replisome. Similar experiments, in which we compared tagged subunits of RFC and DNA polymerase alpha in isolated replisome material, led to an analogous conclusion (see Figure S1 available online). Considered together, these findings indicated that the eukaryotic clamp loader is not required to tether polymerases to helicase within the eukaryotic replisome. This suggests that the eukaryotic helicase and polymerases might instead be linked by unique components of the eukaryotic replisome that lack direct equivalents in bacteria.
A Unique Domain at the Amino Terminus of Dpb2 Interacts with the Flexible B Domain of the Psf1 Subunit of GINS Ctf4 forms a direct link between the Cdc45-MCM-GINS helicase and DNA polymerase alpha at DNA replication forks by association with GINS and the Pol1 catalytic subunit of Pol a [13] [14] [15] [16] [17] [18] [19] . The human and frog orthologs of Ctf4 were also found to interact in vitro with DNA polymerase epsilon [13, 17] , raising the possibility that Ctf4 might couple not only lagging-but also leading-strand polymerases to the Cdc45-MCM-GINS helicase. However, DNA polymerase epsilon was still present at replication forks in S phase yeast cells lacking Ctf4 [16] , and we found that Pol2 copurified with Cdc45-MCM-GINS from extracts of ctf4D cells, although Pol1 did not ( Figure 2A ). There must, therefore, be other factors that connect DNA polymerase epsilon to the Cdc45-MCM-GINS helicase in the absence of Ctf4.
Previous studies showed that Dpb2 interacts in the twohybrid assay with the Psf1 subunit of GINS [33, 34] , and we found that this interaction can still occur in the complete absence of Ctf4 ( Figure 2B ). This is likely to reflect the ability of GINS to form a highly dynamic complex with Pol ε, which in yeasts is important for both factors to be recruited to replication origins [10, 12] . It remained unclear, however, whether GINS and Pol ε also associate in the context of the replisome and whether this interaction explains how Pol ε is connected to the Cdc45-MCM-GINS helicase. To explore this issue further, we first found it necessary to map the interacting domains, in order to examine the functional consequences of preventing GINS from associating with Pol ε. Whereas Dpb2 shares OB-fold and calcineurinlike domains with the distantly related second subunits of DNA polymerases alpha and delta [35, 36] , it also has a unique domain at its amino terminus that is conserved from yeast to humans and is related in structure to the carboxyl terminus of AAA+ ATPases [37] . We found that this unique amino-terminal domain of Dpb2 (Dpb2NT) interacted in the two-hybrid assay with Psf1, but not with Pol2 ( Figures 2C and 2D , Dpb2 1-103 and 1-168). In contrast, the remainder of the protein only interacted with Pol2 ( Figures 2C and 2D , Dpb2 159-689).
We then confirmed these two-hybrid data by overexpressing MYC-tagged versions of Dpb2 in yeast cells. Whereas full-length Dpb2-9MYC copurified with a small amount of GINS in addition to other subunits of DNA polymerase epsilon ( Figure 2E , 1-689), MYC-tagged Dpb2 159-689 associated with Pol2 and Dpb3, but not with Psf1. Strikingly, overexpressed Dpb2NT copurified with GINS but did not associate with the other subunits of Pol ε ( Figure 2E, 1-168 ). We showed that Dpb2NT can bind directly to GINS in the absence of other eukaryotic proteins by culturing E.coli cells that expressed budding yeast GINS (including His-tagged Psf3) in parallel with another strain that expressed Strep-tag Dpb2 1-103, as indicated in Figure 3A . After mixing the two cultures and making a common cell extract, Dpb2NT and GINS formed a stable complex that survived three consecutive purification steps ( Figure 3B ). Overall, these data demonstrate that GINS interacts with the unique amino-terminal domain of Dpb2, identifying Dpb2 as a potential tether between Pol ε and the remainder of the replisome.
The four subunits of the eukaryotic GINS complex are very distantly related paralogs, comprising two domains that have been inverted during the course of evolution such that Sld5 and Psf1 take the form ''A-B,'' whereas Psf2 and Psf3 comprise ''B-A'' [38] . Crystal structure analysis of human GINS showed that the B domain of Psf1 is unique, despite being related to the equivalent domain of Sld5, because it is unstructured and can be removed without disrupting the remaining GINS complex [39] [40] [41] . This indicated that the B domain of Psf1 might link GINS to other factors, and it was found to be essential for replication in Xenopus egg extracts [41] , as well as for assembly of the Drosophila Cdc45-MCM-GINS complex [42] .
Using the two-hybrid assay, we found that the carboxyterminal half of Psf1 containing the B domain was able to interact with Dpb2 ( Figure 4A , AD-Psf1 99-208). Moreover, the B domain was required for Psf1 to interact in the twohybrid assay with Dpb2 but was dispensable for interaction with Psf2 ( Figure 4A , AD-Psf1 1-164). These findings indicated that the B domain of Psf1 is critical for the interaction of GINS with Dpb2NT, and we confirmed this with recombinant proteins in E. coli cell extracts ( Figure 4B ). The unique amino-terminal domain of Dpb2 thus represents a novel partner for the essential B domain of Psf1. Consistent with the idea that GINS and Pol ε must normally be recruited to origins as a complex during the initiation of chromosome replication in budding yeast [12] , we found that expression of Psf1 1-164 in temperature-sensitive psf1-1 cells led to formation of a stable GINS complex but did not support replisome assembly or chromosome replication when cells entered S phase ( Figures 4C and S2C ).
Dpb2NT Supports Assembly of the Cdc45-MCM-GINS Helicase but Produces a Replisome that Lacks Pol ε We modified one copy of the DPB2 locus in a diploid yeast strain in order to express Dpb2-DNT (159-689) from the endogenous promoter. Though Dpb2-DNT was expressed at a similar level to wild-type Dpb2 ( Figure S3 ), haploid dpb2-DNT spores germinated but then died in the first couple of cell cycles (Figure 5A) , showing that Dpb2NT is essential for cell viability. To examine the function of Dpb2NT in more detail, we expressed full-length or truncated versions of Dpb2 from the GAL promoter in haploid dpb2-aid GAL-TIR1 cells, in which the endogenous copy of Dpb2 was fused to the auxin-inducible degron, which is degraded in the presence of auxin by the plant E3 ligase Tir1 [43] . As predicted by the above data, overexpressed Dpb2-DNT was unable to support cell growth upon degradation of Dpb2-aid ( Figure 5B , 159-689, YPGal+auxin), in contrast to full-length Dpb2 ( Figure 5B, 1-689, YPGal+auxin) . Moreover, expression of Dpb2-DNT was dominantly lethal even without degradation of Dpb2-aid ( Figure 5B , 159-689, YPGal), presumably due to titration of the other components of Pol ε into complexes that could no longer interact with GINS ( Figure 2E ). Most interestingly, however, we found that overexpression of the isolated Dpb2NT fragment was weakly able to rescue depletion of Dpb2-aid ( Figure 5B, YPGal+auxin; compare Dpb2 1-168 with the negative control that lacks a second copy of Dpb2). Colony formation was slow, and cells were greatly enlarged ( Figure 5C ), indicating that cell-cycle progression was highly defective under such conditions.
We then grew the same strains in liquid culture and synchronized cells in G1 phase before depletion of Dpb2-aid and expression of the various GAL-DPB2 constructs. Upon release of cells into S phase, full-length Dpb2 supported genome duplication within 30-60 min ( Figure 6A , GAL-DPB2), whereas Dpb2-DNT was not able to support chromosome replication ( Figure 6A ; compare GAL-dpb2DNT with the negative control lacking a GAL-DPB2 construct). Significantly, cells expressing Dpb2NT progressed very slowly through chromosome replication, reaching a 2C DNA content 90 min after release into S phase ( Figure 6A, GAL-dpb2NT) . We also examined replisome formation in the same experiment and found that Dpb2-DNT did not support assembly of the Cdc45-MCM-GINS helicase ( Figure 6B, dpb2DNT) , reminiscent of the phenotype of cells that lacked the B domain of Psf1 ( Figure 4C) . Remarkably, however, replisome assembly in cells expressing Dpb2NT was almost equivalent to control cells ( Figure 6B ; compare dpb2NT and DPB2), except that Pol2 no longer copurified with the replicative DNA helicase. We confirmed that these findings reflected the in vivo situation by repeating the experiment with a combination of (B) E. coli cultures expressing the indicated proteins were mixed as described in Figure 3A . Immunoprecipitation of Strep-tag Dpb2 1-103 from the resultant cell extracts showed that association with GINS was dependent upon the B domain of Psf1. (C) Control (YSS235), psf1-1 (YSS234), and psf1-1 GAL-psf1DCT (YSS233) were grown at 24 C in YPRaff medium and then synchronized in G1 phase with mating pheromone. After expression of Psf1-DCT was induced for 35 min in YPGal medium plus mating pheromone, the cells were shifted for 60 min at 37 C in fresh medium, before release into S phase for 20 min in YPGal medium lacking mating pheromone. TAP-Sld5 was isolated from cell extracts after digestion of chromosomal DNA, and the indicated proteins were monitored by immunoblotting.
formaldehyde crosslinking and harsh extract conditions as above. Once again, we observed that Mcm4 copurified with all predicted replisome components except Pol2 from extracts of crosslinked cells expressing Dpb2NT ( Figure 6C ). Considered together, these findings indicate that Dpb2NT supports assembly of the Cdc45-MCM-GINS helicase during the initiation of chromosome replication but produces a replisome that lacks DNA polymerase epsilon. Cell proliferation is abnormal, and chromosome replication is very slow under such conditions, highlighting the importance of integrating Pol ε into the replisome. It thus appears that Dpb2 plays two key roles in budding yeast. First, Dpb2NT is needed to support assembly of the Cdc45-MCM-GINS helicase during the initiation of chromosome replication, presumably by promoting the recruitment of GINS to the loaded Mcm2-7 complex. Second, the combination of Dpb2NT and the remainder of Dpb2 is needed for the Pol ε complex to be integrated into the resultant replisome.
An In Vitro Assay for Association of Pol ε with the Replisome Reveals an Essential Role for Dpb2NT
Our data suggested that Dpb2 tethers Pol ε to the Cdc45-MCM-GINS helicase and thus to the rest of the replisome, with Dpb2NT binding GINS and the rest of Dpb2 binding Pol2. However, the inability of Dpb2-DNT to support replisome assembly meant that an alternative approach was required in order to test directly whether Dpb2NT is indeed required after initiation for Pol ε to associate with the replisome. We thus developed a novel in vitro assay, with which to monitor the association of DNA polymerase epsilon with the Cdc45-MCM-GINS helicase in yeast cell extracts. The assay is based on the fact that the Cdc45-MCM-GINS helicase is very stable in extracts of S phase cells but associates in a highly dynamic fashion with other replisome components (which thus are always present at substoichiometric levels in purified replisome material). We grew two kinds of strain in parallel with each other: a ''recipient'' strain expressing TAP-Mcm3, with which to isolate Cdc45-MCM-GINS and associated replisome factors, and a ''donor'' strain expressing either Dpb2-5FLAG or Cdc45-5FLAG. Pairs of donor and recipient cultures were synchronized in S phase before being mixed and used to generate a single extract, from which TAP-Mcm3 was isolated after the digestion of chromosomal DNA. Exchange of Dpb2 or Cdc45, from the recipient replisome material, with Dpb2-5FLAG or Cdc45-5FLAG, from the donor strain, was then monitored by immunoblotting. The recipient strains expressed Dpb2-9MYC or Cdc45-9MYC to make them distinguishable from the donor, and we also performed similar experiments with recipient strains lacking TAP-Mcm3 to confirm the specificity of all the detected interactions.
As shown in Figure 7A , TAP-Mcm3 from the recipient strain associated with other replisome components including Cdc45-9MYC from the recipient cells, but not with Cdc45-5FLAG from the donor cells. This reflected the highly stable nature of the Cdc45-MCM-GINS complex in the cell extract [4] , and an analogous experiment with differentially tagged GINS proteins indicated that the same is true in vivo ( Figures  S4A and S4B) . In contrast, however, both Dpb2-9MYC and Dpb2-5FLAG copurified specifically with TAP-Mcm3, indicating that DNA polymerase epsilon from the donor cells was able to associate in vitro with replisome material from the recipient cells ( Figure 7A ), reflecting the highly dynamic association of DNA polymerase with the Cdc45-MCM-GINS helicase in the cell extract. In similar experiments we could not detect association of Dpb11 with the Cdc45-MCM-GINS helicase (G.d.P. and K.L., unpublished data), nor was Dpb11 required for in vitro association of Pol ε with Cdc45-MCM-GINS ( Figures S4C-S4E) , indicating that the assay does indeed monitor the replisome association of Pol ε rather than the preloading complex of Pol ε, GINS, and Dpb11 that associates transiently with the Mcm2-7 helicase during the initiation of chromosome replication [12] . To determine whether Dpb2NT was required for in vitro association of Dpb2 (and, by inference, Pol ε) with the Cdc45-MCM-GINS helicase, we performed similar experiments with a TAP-MCM3 recipient strain with untagged Dpb2 and diploid donor strains expressing one copy of MYC-tagged Dpb2, either full-length or Dpb2-DNT, as well as one copy of Dpb2-6HA to provide an internal control. As shown in Figure 7B , full-length Dpb2-6HA from both donor strains was able to interact in vitro with purified replisome material from the recipient strain, and the same was true for full-length Dpb2-9MYC from the corresponding donor (Figure 7B , Dpb2-6HA and Dpb2-9MYC). In contrast, Dpb2-DNT did not copurify with TAP-Mcm3 from the mixed cell extract of donor and recipient cells ( Figure 7B, Dpb2DNT-9MYC ). These findings indicate that Dpb2NT is required after initiation in order for DNA polymerase epsilon to associate with the replisome.
Discussion
It now seems clear that helicase and polymerases are connected within the eukaryotic replisome in a different manner from the E. coli paradigm. Our data indicate that Dpb2 links the leading-strand polymerase to the Cdc45-MCM-GINS helicase with Dpb2NT binding the B domain of the Psf1 subunit of GINS. Other work suggests that the carboxyl terminus of Dpb2 binds Pol2 [44] , probably explaining how GINS-Dpb2NT is linked to the remainder of the Pol ε complex. Interestingly, the latter study also found that budding yeast Dpb2 was dispensable in vitro for the polymerase activity of Pol ε [44] , and the same applies to the human and Xenopus Dpb2 proteins [45, 46] , suggesting that the primary role of Dpb2 in eukaryotic cells is to mediate the protein-protein interactions that integrate Pol ε into the replisome.
Structural studies of human GINS and yeast DNA polymerase epsilon indicate that both Dpb2 and the B domain of Psf1 are highly flexible [39] [40] [41] 47] , suggesting that they provide a pliant tether between helicase and leading-strand polymerase. DNA polymerase epsilon also interacts with other replisome components, such as Ctf4 and Mrc1 [13, 17, 20] , but these interactions might regulate replisome function without being essential for the integration of the leadingstrand polymerase into replisome structure.
Consistent with the idea that Pol ε is linked by Dpb2 to the Cdc45-MCM-GINS helicase, a very recent study showed that human DNA polymerase epsilon greatly stimulated the in vitro action of the Cdc45-MCM-GINS helicase, whereas DNA polymerase delta did not [11] . Moreover, another recent study found that the combination of DNA replication stress and DNA breakage led to displacement of GINS from replicating chromatin in extracts of Xenopus laevis egg extracts, and this was also associated with loss of DNA polymerase epsilon from chromatin [48] .
The unique interactions between the Cdc45-MCM-GINS helicase, Ctf4, and DNA polymerases epsilon and alpha are likely to play a key role in specifying replisome structure in eukaryotic cells, helping to explain how DNA polymerase epsilon is positioned for synthesis of the leading strand at replication forks, whereas polymerase alpha is available for C in YPRaff medium and arrested in G1 phase with mating pheromone. The cells were then switched to YPGal medium for 35 min, before addition of 0.5 mM auxin (indole-3-acetic acid) for a further 60 min, in the continued presence of mating pheromone. Finally, cells were washed into fresh YPGal medium containing auxin but lacking pheromone. Samples were taken at the indicated times and used to measure DNA content by flow cytometry. (B) Samples from G1 phase and S phase (30 min release from mating pheromone arrest) were used to monitor replisome formation in the experiment described in (A).
(C) An analogous experiment to that in (B) was performed, except that samples were treated with formaldehyde before making cell extracts in order to crosslink protein-protein interactions. efficient priming of the Okazaki fragments that make up the lagging strand. At present, it is unclear whether DNA polymerase delta is also incorporated into the replisome by analogous interactions with Cdc45-MCM-GINS and associated factors, or whether it is simply recruited to replication forks by interaction with its processivity factor, the PCNA ring that is loaded around dsDNA by RFC, allowing polymerase delta to be regulated independently of polymerases epsilon and alpha. Addressing these questions in future studies will have important implications for our understanding of replisome function and regulation in eukaryotic cells. For example, physical integration of all three polymerases into the replisome would generate a ''trombone loop'' during synthesis of each Okazaki fragment, as in E. coli, whereas if DNA polymerase delta is not physically connected to the rest of the replisome at replication forks, then this would limit loop formation on the lagging strand to the short segment synthesized by DNA polymerase alpha and might aid replisome progression through eukaryotic chromatin.
Interestingly, we found that Dpb2NT is not only required for assembly of the Cdc45-MCM-GINS helicase in budding yeast, reflecting the fact that GINS and Pol ε must be recruited to replication origins as part of a complex [12] , but overexpressed Dpb2NT is even able to support Cdc45-MCM-GINS assembly in the absence of endogenous Dpb2 ( Figure 6B ). This suggests that formation of the Dpb2NT-GINS complex is a critical feature of the mechanism of replication initiation in budding yeast, even when Dpb2NT is not connected to the rest of the Pol ε complex. It will be very interesting in future studies to explore how the GINS-Dpb2NT complex might interact with initiation factors such as Dpb11 in order to effect the recruitment of GINS to the Mcm2-7 helicase core that is loaded at replication origins.
We note that humans have a single ortholog of each of the various factors that associate with Cdc45-MCM-GINS in budding yeast to form the replisome progression complex [4] , and the yeast and human DNA polymerase alpha and epsilon complexes also have the same subunit composition. Moreover, Xenopus Dpb2 is essential for chromosome replication in egg extracts [46] despite not being required for the in vitro activity of Pol ε, implying a structural role for Xenopus Dpb2 that is analogous to the situation in budding yeast. It seems very likely that replisome structure and function will prove to be extremely similar in almost all eukaryotes, which face similar challenges when copying chromatin and preserving genome integrity in each round of the cell cycle. (B) An equivalent assay was performed with the indicated strains, involving haploid recipient cells and diploid donor cells with one copy of DPB2-6HA and one copy of MYC-tagged Dpb2 (full length or Dpb2-DNT). The MATa allele was deleted in the diploid donor strains, so that mating pheromone could be used to synchronize cells in S phase as above. (C) Model illustrating that Dpb2 plays a critical role during initiation of chromosome replication in budding yeast, presumably by facilitating the recruitment of GINS to the loaded Mcm2-7 complex. Dpb2 then integrates Pol ε into the newly formed replisome, by association of Dpb2NT with the Psf1 subunit of GINS. Ctf4 couples DNA polymerase alpha to the Cdc45-MCM-GINS helicase, by connecting the Pol1 catalytic subunit to GINS (probably via the Sld5 subunit). Other factors that bind Cdc45-MCM-GINS have been omitted for the sake of simplicity, as has DNA polymerase delta, which elongates each Okazaki fragment to make the lagging strand. See also Figure S4 . Table S1 lists the budding yeast strains that were used in this study. Cultures were grown at the indicated temperatures in rich medium (1% yeast extract, 2% peptone) with 2% glucose (YPD), 2% raffinose (YPRaff), or 2% galactose (YPGal). Cells were synchronized in G1 phase by addition of 7.5 mg/ml alpha-factor mating pheromone and then released into S phase by washing two times with fresh YEPD medium.
Experimental Procedures Yeast Strains and Growth
Two-Hybrid Analysis
Two-hybrid tests based on the Gal4 transcription factor were performed with the pGADT7 AD and pGBKT7 DNA-BD vectors (Clontech) and the strains PJ69-4A and YSS461 (ctf4D). Analogous tests based on the lexA transcription factor were performed with the vectors pB27 (lexA-DBD) and pP6 (Gal4-AD) and the strain YTM158 (Hybrigenics). In each case, five independent transformant colonies were mixed and used to make serial dilutions before spotting 50,000 to 50 cells onto synthetic complete medium lacking tryptophan and leucine (nonselective medium) or medium lacking tryptophan, leucine, and histidine (selective medium).
Isolation of Replisome Material from Yeast Cell Extracts
Cell extracts were made from 250 ml mid-log culture (2.5 3 10 9 cells) in the presence of 100 mM potassium acetate, as described previously [27] . Frozen cell pellets were ground in the presence of liquid nitrogen in a SPEX SamplePrep LLC 6850 Freezer/Mill before digestion of chromosomal DNA for 30 min at 4 C with 800 units of Benzonase (71206-3, Merck Biosciences) and immunoprecipitation of tagged proteins with magnetic Dynabeads M-270 Epoxy (Invitrogen) coupled to rabbit IgG (Sigma S-1265), M2 anti-FLAG monoclonal antibody (Sigma F3165), or 9E10 anti-MYC monoclonal antibody. Associated factors were detected with the antibodies listed above, previously described polyclonal antibodies to replisome components, or polyclonal anti-FLAG antibody (Sigma F-7425). For the experiments in Figures 7, S1 , and S4, the immunoprecipitated proteins were released from beads by treatment with 5 units of TEV protease at 25 C for 1 hr in 100 ml of 100 mM HEPES-KOH (pH 7.9), 100 mM potassium acetate, 2 mM EDTA, 0.1% NP40, and 1 mM dithiothreitol.
The crosslinking experiments in Figures 1B and 6C were performed as described previously [27] . Briefly, cells were crosslinked with 1% formaldehyde and then frozen in liquid nitrogen before grinding. Cell extracts were generated in the presence of 500 mM NaCl, 1% Triton X-100, and 0.1% sodium deoxycholate to prevent in vitro interaction of replisome proteins, and the immunoprecipitated protein samples were incubated for 10 min at 65 C with elution buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA, and 1% SDS) before addition of Laemmli buffer and incubation at 95 C for 30 min.
Expression and Purification of Recombinant Proteins in E.coli
We expressed the four subunits of GINS (with either full-length Psf1 or Psf1-DCT that comprised amino acids 1-164) from an operon in plasmids that were based on pET21a (Novagen), as described previously [14] , and also made a corresponding plasmid expressing Strep-tag Dpb2 1-103. Recombinant proteins were induced for 2 hr at 37 C in Rosetta(DE3) pLysS E.coli cells.
For the experiment in Figure 4B , we mixed 900 ml of cells expressing Dpb2 1-103 with 100 ml cells expressing GINS and stored the cell pellets at 220 C. Cells were lysed in 10 ml wash buffer (50 mM Tris-HCl [pH 8.0], 10% glycerol, 0.1% NP40, 10 mM MgCl2, 100 mM NaCl, 5 mM B-mercaptoethanol, and 1X Halt Protease Inhibitor Cocktail [Fisher]) supplemented with 1X BugBuster Protein Extraction Reagent (Merck Chemicals) before incubation with Benzonase nuclease (100 units per gram of cell pellet) for 20 min at room temperature. After centrifugation for 10 min at 16,100 3 g, the supernatant was incubated with 1 ml Strep-Tactin Superflow beads (IBA GmbH) for 1 hr at 4 C. The beads were washed four times with 10 ml wash buffer and then Strep-tag Dpb2 1-103 was eluted in 2 ml wash buffer containing 2.5 mM desthiobiotin.
For the experiment in Figure 3 , we inoculated a 2:1 ratio of cells expressing Dpb2 1-103 and GINS into 20 l of LB medium and grew the culture at 37 C to an optical density of 0.5 and 600 nm before induction with 1 mM IPTG for 2 hr. The resultant cell pellet was lysed as above with 144 ml wash buffer (10 ml per 5 g of pellet) and supplemented with BugBuster and Benzonase. Following centrifugation, the extract was split into two, and each half was applied to a 5 ml Strep-Tactin HC column (2-1209-550, IBA GmbH) using an AKTA Explorer. After elution with 2.5 mM 2-desthiobiotin, the sample was bound to 2 ml Ni-NTA agarose (30210, QIAGEN) and eluted manually with buffer containing 250 mM imidazole. The purified sample was then applied to a 16/60 HiLoad Superdex 200 pg gel filtration column (17-1069-01, GE Healthcare), and the peak fraction was identified by absorbance at 280 nm before concentration on an Amicon Ultra-15 column with a 30 kDa cutoff (UFC903024, Millipore).
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